A single molecule rectifier with strong push-pull coupling
I. INTRODUCTION
The phenomenology of a molecule in a strong, spatially uniform, time-independent magnetic field should be characterized by very interesting features, e.g., shifts of the resonance frequencies in nuclear magnetic resonance spectra. [1] [2] [3] Effects depending on the square of the flux density B of the applied field should be observable for the nuclear spin-spin coupling constants, 4 and for the molecular magnetizabilities, 5 which, for a diamagnetic molecule, are given by [6] [7] [8] 
The fourth-rank hypermagnetizability tensor X ␣␤␥␦ describes the nonlinear response of the electron cloud to fourth order in B. It is obtained as the fourth derivative of the molecular energy W a of a system in the a electronic reference state, in the limit of vanishingly small magnetic field,
Numerical estimates have been reported for contributions to nuclear magnetic shielding of closed-shell atoms, depending on even powers of an intense external magnetic field. 9 Theoretical predictions for the fourth-rank hypermagnetizabilities of small molecules became recently available. 10 An intense magnetic field also causes a deformation of the electronic structure of atoms and molecules. A contraction of the electronic charge, which distorts to an elongated shape resembling a prolate ellipsoid with the longer axis parallel to B, has been demonstrated for the rare gases He, Ne, Ar, and Kr. 11 In general, a dynamical compression of the electron cloud can be predicted by simple arguments, discussed in the following for a planar ring of six hydrogen atoms, i.e., the aromatic H 6 "molecule" examined by London in his seminal paper 12 on the ring-current model ͑RCM͒, and benzene, i.e., simple diamagnetic systems with a closed-shell electronic structure, symmetrical under time reversal.
An analogous contraction of the -electron distribution, sustaining ring currents, is expected for any diatropic planar conjugated molecule in a magnetic field at right angles to the molecular plane. On the other hand, expansion of the cloud should occur in paratropic molecules, e.g., planar cyclooctatetraene. A general discussion is presented in Sec. II. The present paper is also aimed at estimating the fourth-rank hypermagnetizability of H 6 and C 6 H 6 , reported in Sec. III, which gives all data necessary to reproduce our calculations.
II. DYNAMICAL DISTORTION OF ELECTRON DENSITY IN A STRONG MAGNETIC FIELD
The electron density of molecules symmetrical under time reversal is described by a Taylor series in the even powers of B ␣ ,
Terms of odd order in B ␣ vanish identically for diamagnetic systems, since the first-order Hamiltonian contains the pure imaginary magnetic dipole operator. The quantities needed to rationalize the nonlinear response to a magnetic field are instead the odd-order quantum mechanical electron current densities J ␣ B , J ␣ BBB , etc. The second-rank tensor B ␣ B ␤ , with physical dimensions Cm −3 T −2 in the SI system of units, describes the dynamical distortion of the electronic distribution caused by the external magnetic field. Since the total electron charge is conserved in the presence of the applied field, the integral of the B ␣ B ␤ ͑r͒ density over the three-dimensional space vanishes.
In the absence of perturbation, the ͑0͒ density has a shape with the symmetry elements of the point group of the molecule. The overall qualitative features of the charge displacement caused by an intense static homogeneous mag-netic field can be predicted by considering the Lorentz magnetic force which acts upon the electron cloud. The total average force on the electrons is given by the relationship of classical electrodynamics,
͑4͒
Owing to the the force theorem, that is the hypervirial theorem for the mechanical momentum in the presence of magnetic field, 13, 14 this force is fully transmitted to the nuclei, so that the average force on the electrons vanishes. In other words, the charge distribution undergoes a distortion, reaching a new equilibrium condition to compensate the nonlinear perturbation introduced by the strong applied field.
Relationship ͑4͒ suggests a feed-back effect of B on the first-order electron current density J ϵ J B . A centripetal force, which induces charge compression via a "spindle effect," is predicted for any diatropic system sustaining a Larmor current about the external magnetic field. Just the opposite phenomenology would characterize paratropic molecules, causing charge expansion at right angles to B.
The benzene molecule constitutes an ideal system for a computer experiment testing these simple qualitative hypotheses, since quite accurate descriptions of the first-order current density field J B are available for C 6 H 6 . The ab initio representation shows that, in the presence of a magnetic field perpendicular to the skeletal plane of carbon atoms, diamagnetic flow takes place in the -electron cloud of benzene, according to the RCM. [15] [16] [17] [18] Diamagnetic vortices are observed over the C-C bonds, and a paramagnetic circulation about the sixfold symmetry axis is found in the vicinity of the molecular plane. 15, 19, 20 Compact information on the topological structure of the J B vector field is obtained from the Gomes stagnation graph 21, 22 recently reported for benzene. 23
III. RESULTS AND DISCUSSION
London himself claims that the six hydrogen atoms placed at the vertices of a regular hexagon in the H 6 model system would in fact form three H 2 molecules. 12 More recently, H 6 has been referred to as the transition state for the degenerate exchange of three hydrogen molecules. 24 The sixmembered hydrogen ring is commonly regarded as aromatic, 25 and a plot of the current density field shows the ring currents typical of a diatropic system, see Fig. 9a of Ref. 15 .
The molecular geometry of H 6 has been optimized using density functional theory with the Becke-Lee-Yang-Parr ͑BLYP͒ exchange correlation functional and the D95 ** basis set level of accuracy by the GAUSSIAN 98 code, 26 with r H-H = 1.8865 bohr. Theoretical hypermagnetizabilities estimated via the augmented correlation-consistent polarized corevalence quintuple Z ͑aug-cc-pCV5Z͒ basis set [27] [28] [29] are reported in Table I . The origin of the coordinate system was taken in the center of mass.
Different columns, from left to right, display values from basis sets generated by systematically adding p , d, and f sets of polarization functions. It can be observed that the "s" basis set, deprived of all polarization functions, gives X xxxx and X xxyy with the wrong sign. The values in the last column from the complete aug-cc-pCV5Z basis set, including f functions, appear to have converged to the Hartree-Fock limit. However, p functions are already sufficient for quite accurate results.
For benzene, the experimental geometry quoted in Ref. 30 has been used. Three basis sets of increasing quality were employed in the calculation of X ␣␤␥␦ for C 6 H 6 , namely, augcc-pCVDZ, aug-cc-pCVTZ, and aug-cc-pCVQZ. [27] [28] [29] Polarization functions higher than 4f on C and 3d on H were dropped. The number of primitive and contracted basis functions, and the corresponding self-consistent field energies are reported in Table II. A good degree of convergence seems to have been obtained for calculated X xxxx , X xxyy , and X xxzz components, since the results from basis set II and III are very close to one another, Ϸ2%. For X zzzz the predictions from these basis sets differ by Ϸ5%. If the origin of the coordinate system adopted in the calculation is shifted from the center of mass to a carbon atom, calculated hypermagnetizability components vary. For the largest basis set III, assuming a shift along the x direction, X xxxx and X xxzz are virtually unaffected, X zzzz increases in absolute value, by Ϸ1.5%, X xxyy also increases in absolute value by Ϸ3%. The largest change was observed for X yyyy , passing from −335.43 to − 358.07 a . u. These results indicate that the degree of convergence to the Hartree-Fock accuracy of theoretical X ␣␤␥␦ of benzene is satisfactory.
The hypermagnetizability of benzene is only one order of magnitude bigger than that estimated for some small molecules. 10 It is possibly too small to be observed by experimental setups presently available. However, there are a couple of features to observe. First, the out-of-plane component X zzzz is positive for H 6 and negative for C 6 H 6 . Therefore, nonlinear response to a strong magnetic field at right angles to the molecular plane diminishes ͑enhances͒ the diamagnetism of the former ͑the latter͒. Moreover, X zzzz in ben- zene is much smaller, in absolute value, than the in-plane component X xxxx . This result is quite interesting, as it could depend on the high mobility of the delocalized electron distribution, which, according to the discussion in Sec. II, should be pushed towards the center of the molecule by a perpendicular magnetic field. An explanation of the different signs predicted for the out-of-plane hypermagnetizability X zzzz in H 6 and C 6 H 6 rings may be attempted in terms of the classical Ampère theorem, according to which the magnetic moment generated by a current flowing in a loop is proportional to the area of the loop itself. In H 6 , the first-order current density induced by an external magnetic field B z perpendicular to the molecular plane is diamagnetic all over the molecular domain, 15 and generates a magnetic dipole zz B z opposite to the field. Qua-dratic response causes the spindle effect observed in Fig. 1 . It reduces the loop area and diminishes the total induced diamagnetic dipole by a term ͑1/6͒X zzzz B z 3 , since X zzzz is positive. In C 6 H 6 , the same behavior is expected for the diamagnetic current density flowing over the carbon ring and in the tail regions. On the other hand, the Lorentz force determines an expansion of the paramagnetic circulation inside the ring, 15 displacing charge toward the diatropic region. The net result would be that of slightly increasing diamagnetism, as X zzzz is negative in benzene.
However, further studies are needed to understand this point.
Plots of the second-rank density introduced in relationship ͑3͒ have been obtained by different basis sets to check convergence. Those from the aug-cc-pCVQZ and the aug-cc- 
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In benzene, the situation is more complicated, since, as evidenced by ab initio RCM, a paramagnetic vortex about the sixfold axis is found on both sides of the molecular plane. 15, 19, 20, 23 Therefore, contraction ͑expansion͒ of diatropic ͑paratropic͒ flow determines a concentration of electronic charge along the carbon skeleton. This phenomenon is clearly observed in Figs. 2-4 , corresponding to parallel planes at different distances from that of the molecule. It can be noticed in the figures that charge contraction occurs also for B parallel to the molecular plane of H 6 and C 6 H 6 . For the series of plot planes examined in the present study, the largest effects on B x B x were found for that lying 0.5 bohr above that of the molecule. Eventually, it is worth noticing that the order of magnitude of the polarization density induced by the magnetic field is very small. Using the conversion factors reported hereafter, in a field of 10 T, supposing that B ␣ B ␤ ͑r 0 ͒Ϸ1 a . u. for a certain point r 0 , the local change of electron density due to the external perturbation is Ϸ1 ϫ 10 −9 Cm −3 . It remains to be seen if such change is experimentally detectable.
IV. CONCLUDING REMARKS
The fourth-rank hypermagnetizabilities of H 6 and C 6 H 6 molecules have been estimated at the Hartree-Fock level of accuracy. Calculated values are quite small, and their experimental determination would seem quite difficult. The out-ofplane component of the fourth-rank tensor in benzene is much smaller, in absolute value, than the in-plane component. This may be related to the high mobility of the delocalized -electron cloud, which, according to a simple model based on the classical relationship for the magnetic Lorentz force, should concentrate in the region of the carbon ring due to nonlinear response to intense magnetic fields. Plots of the second-rank electron charge density show that a "spindle effect" takes place in diatropic regions of the molecular domain, causing charge compression. The inverted feature is expected for paratropic flow, which determines a dynamic expansion of the electron density. Compression is demonstrated for the diamagnetic H 6 model system in the presence of a magnetic field at right angles to the plane of hydrogen atoms. On the other hand, the presence of a paramagnetic vortex about the sixfold axis of benzene, and of diamagnetic flow in the tail regions of the molecule, explain charge concentration along the carbon skeleton in this molecule. 
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